Nitrous oxide is soluble and can accumulate in soil solution when gaseous diffusion is restricted. The importance of N losses via degassing of N2O from groundwater entering surface streams is unknown. Measurements of N 2 O in soil solution revealed patterns of seasonal and spatial variation that were consistent with ecosystem regulation of denitrification. The highest concentrations were observed in the riparian zone in May, when soil NOf, temperature, and moisture were conducive for denitrification. At each of the other sample dates and sites, at least one of these factors appeared to prevent significant N 2 O accumulation in soil solution. Extrapolation of the highest observed N 2 O concentrations to an annual basis corresponded to a loss of only 56 g N ha ~' yr ~'. Denitrification in the riparian zone may be an important fate of N in this hardwood forest, but N 2 O in soil solution does not appear to be a significant pathway of N loss. This site might be expected to produce N 2 O at higher rates than most hardwood forests, but extrapolation of the highest calculated losses from soil solution over the global area occupied by hardwood forest indicates that this source of N 2 O is insignificant for global atmospheric budgets.
INTRODUCTION
Understanding the processes of N 2 O production and diffusion in soil is complicated by solubility of N 2 O in soil solution. For N 2 O production via denitrification to be significant, O 2 consumption must exceed O 2 diffusion, thus creating microsites of anaerobiosis. Soil moisture levels which restrict O 2 diffusion also restrict N 2 O diffusion. Solubility of N 2 O is sufficiently high to result in significant accumulation of N 2 O in liquid phase when diffusion in the gas phase is restricted. Elevated concentrations of N 2 O have been observed in water from agricultural drains [Dowdell et al., 1979] , from springs of a clearcut northeastern deciduous forest [Bowden and Bormann, 1986] , and in aquifers contaminated by municipal sewage effluent [Ronen et al., 1988] . Davidson and Swank [1986] have hypothesized that a significant proportion of the N 2 O produced in the riparian zone of a disturbed forested watershed could be lost via groundwater entering streams rather than diffusion from the soil surface. The purpose of the present paper is to assess the importance of this pathway of N 2 O loss from a forest ecosystem in the southern Appalachian mountains.
MATERIALS AND METHODS

Site Description
A north-facing slope was selected in a 8.9-ha watershed (WS) with a history of disturbance at the USDA Forest Service Coweeta Hydrologic Laboratory. The WS is dominated by a 20-year-old stand of black locust (Robinia pseudoacacia L., Fabaceae). This species can contribute up to 30 kg N ha" 1 yr~' via symbiotic N fixation during early This paper is not subject to U.S. copyright. Published in 1990 by the American Geophysical Union.
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stages of secondary succession [Boring and Swank, 1984] , but it is currently declining on account of natural secondary succession processes and an infestation of the locust stem borer (Megacyllene robiniae Forester). The mean annual, flow-weighted NO 3~ N concentration in stream water draining this WS is 0.8 mg L" 1 , which is approximately 80 times higher than an adjacent undisturbed control WS.
Measurement ofN 2 O in Soil Solution
The soil solution samplers described by Davidson and Firestone [1988] were used. Briefly, a 0.1-MPa, high-flow porous cup (1-cm diameter x 10-cm length) was attached to two pieces of narrow polyethylene tubing. After the cup was buried, the tubing was used to flush argon gas through the system, and then a tension of 0.09 MPa was applied with an evacuated serum bottle attached to the tubing. Soil solution with dissolved gases enter the cup and are drawn up into the serum bottle. Any gases that come out of solution while under tension are trapped within the system and are swept into the serum bottle with argon gas. The liquid and gas phases within the serum bottles were allowed to come to equilibrium at 25°C, and the gas phase was analyzed for N 2 O by gas chromatography, using an electron capture detector. The total N 2 O in both phases was calculated using published Bunsen absorption coefficients and the results expressed in micrograms N 2 O N L" 1 soil solution [Davidson and Firestone, 1988] . Following N 2 O analysis, solutions within the serum bottles were analyzed for NO 3~ colorimetrically, using a Technicon autoanalyzer with Cd reduction [Keeney and Nelson, 1982] .
Soil solution samplers were buried by using a 1-cmdiameter drill bit as an augur and creating a hole to the desired depth. The cups were gently pushed into the holes, and the holes were refilled with soil. Two clusters of soil solution samplers were located on a 60% slope, 15 m from the stream (hereinafter referred to as "hillside" sites). In Concentration values are means. Standard errors are in parentheses (no error term is given for the two instances where only one sample was taken). ND, no data.
*The calculated concentration of N2O in solution if the solution were in equilibrium with the atmosphere at the observed soil temperature. tMeasured at 15-cm depth.
each of these clusters, three samplers were buried at 25-cm depth and three at 80-cm depth (location of the bottom of the porous cup samplers). Two more clusters were located in a flat area of the riparian zone, 2 m from the stream (hereinafter referred to as "riparian" sites). Triplicate samplers were placed at 25-and 55-cm depth at the riparian sites (rocks were encountered at 55-60 cm). One cluster was located at the saturated zone on the stream bank, 60 cm from the stream, with three samplers at 25 cm depth only (hereinafter referred to as "saturated" site). Finally, clusters of three samplers were buried at 15-cm depth in stream sediments at three locations along the stream: 2 m upstream from the soil sites, adjacent to the soil sites, and 2 m downstream from the soil sites. At each of several sampling dates, tension was applied to the samplers in the morning, and the bottles were removed as they became half full. The bottles from the samplers buried in stream sediments filled within minutes, while the bottles from the hillside sites were often removed the next day and discarded because of insufficient sample for reliable analyses. Triplicate samples of stream water were collected at each sediment sampler location. Stream water was sampled by syringe, and approximately 60 mL was immediately injected into an evacuated serum bottle. Sufficient argon gas was then injected into these serum bottles to allow them to come to atmospheric pressure in the laboratory prior to analysis for N 2 O.
Calculation ofN2ON Losses
Water fluxes from the saturated zone to the stream were calculated by assuming that unit area discharge from the saturated zone was equivalent to unit area discharge measurements taken 75 m downstream with a 90° sharp-crested V-notch weir. Ambient N 2 O concentrations at observed soil temperatures were calculated from published Bunsen absorption coefficients [Tiedje, 1982] 
Statistical Analyses
Analysis of variance was performed using the general linear models procedure (PROC GLM) of Statistical Analysis System (SAS) Institute [1985] with N 2 O and NO 3c oncentrations as dependent variables and site (hillside, riparian, saturated, or sediments), date, and depth (15-25 cm or >55 cm) as independent class variables.
RESULTS AND DISCUSSION
Seasonal and Spatial Variation
Because N 2 O can be produced by a variety of organisms and because denitrifying bacteria can both produce and consume N 2 O, variation in N 2 O concentration need not necessarily reflect variation in denitrifying activity. In the present study, however, spatial and temporal patterns of N 2 O concentration in soil solution appear consistent with our understanding of factors affecting regulation of denitrification in forest ecosystems [Davidson et al., 1990] . Analysis of variance revealed significant (p < 0.01) effects of date and site-by-date interaction, with the highest N 2 O concentrations in the riparian zone and the saturated zone near the stream bank in May 1987 (Table 1) . These results are consistent with previous work showing the importance of landscape position on denitrification rates [Davidson and Swank, 1986] . Nitrate has been shown to limit denitrification in this ecosystem [Davidson and Swank, 1987] , and low N 2 O concentrations during summer and autumn sampling dates (Table 1 ) may result partly from seasonal NO 3~ availability (Table 2; significant site, date, and site-by-date interaction at p < 0.01). Soil and stream NOa" concentrations at Coweeta peak during the winter and spring, when plants are dormant, and decrease during the summer growing season. Groffman and Tiedje [1989] have observed spring and autumn peaks in denitrification rates in hardwood forests of Michigan, presumably due to high soil moisture and NO 3~~ availability before canopy development in the spring and after leaf fall in the autumn.
The effect of soil depth was not significant by analysis of variance. Although organic carbon content declines with depth and can become limiting, laboratory experiments with substrate amendments have indicated that NO 3~ is probably more important than carbon in limiting denitrification in these forest soils [Davidson and Swank, 1987] .
Soil NO 3~, moisture, and temperature conditions must all be favorable for denitrification simultaneously for significant N 2 O production to occur. This concurrence of conditions apparently occurred at our site in May 1987, when the soil had warmed, NO 3~ levels had not yet been reduced by plant and microbial uptake, and our sampling followed a spring rain. In contrast, NO 3~ concentrations and soil moisture levels were high in January 1988, but low soil temperature presumably limited microbial activity and N 2 O production (Table 1) . Similarly, the spring of 1988 was very dry. Hence soil NO 3~ and temperature may have been adequate for denitrification, but soil moisture was so low that we were unable to collect any soil solution samples during this period. More moderate winter soil temperatures are common at Coweeta, and precipitation in the spring of 1988 was unusually low. More intensive sampling would be necessary to determine the frequency of concurrence of adequate temperature, moisture, and NO 3~ which would result in significant losses of N 2 O via denitrification. If observed variation in N 2 O concentrations of soil solution can be used as an index of denitrifying activity, then these preliminary data indicate that concurrence of favorable conditions for denitrification may be relatively infrequent.
Significance of Fluxes
The main objective of the present study was to assess the significance of potential Fluxes that are not significant from the perspective of loss of site nutrient capital could be significant as sources of atmospheric N 2 O. Stream NO 3~ losses from the watershed indicate that the N cycle is relatively leaky and that gaseous N losses above average for temperate hardwood forests might also be expected. However, if the highest annualized observed flux from this site (56 g ha" 1 yr" 1 ) is extrapolated over 1.55 x 10 9 ha of temperate hardwood forest of the world [Bowden, 1986] , the flux would be 87 x 10 9 g yr" 1 , which is equal to 0.6% of total global sources of annual N 2 O production [McElroy and Wofsy, 1986] . Such extrapolation is not intended to provide reliable input to global N 2 O budgets but rather is intended to put into perspective the importance of observed flux rates. Much more intensive sampling would be needed from numerous sites for accurate estimation of N 2 O fluxes from soil solution of hardwood forests. Nevertheless, by extrapolating the highest observed flux from a site expected to yield high fluxes, we have demonstrated that the flux is probably an insignificant source of global N 2 O. Similarly, Hemond and Duran [1989] have found that N 2 O concentration were over 20 times ambient in a small river receiving wastewater treatment plant effluent, but they calculated that N 2 O fluxes to the atmosphere were insignificant in comparison with global N 2 O budgets.
Concentrations of N 2 O in soil solution observed in the present study are up to 26 times ambient (Table 1) but are orders of magnitude below those found in agricultural drains [Dowdell et al., 1979] , in seeps from a clearcut northeastern hardwood forest [Bowden and Bormann, 1986] , and in contaminated aquifers [Ronan et al., 1988] . Ecosystem losses of N via soil solution and contributions to global N 2 O may be commensurately more important at these sites where very high N 2 O concentrations have been reported. Although the site of the present study has a history of disturbance and continues to lose NO 3~ in stream water, more recent and/or continuous disturbance may be necessary for significant loss of N 2 O in solution.
